
",!_, _U(. :..-J(_- I ".'36-I(,
PI_I;I'RINT

The Contribution of Carbonaceous

Aerosols to Climate Change

J.F. Penner

C.C Chuan_
C. I.iouL_c

RECEIVED

._F.p2 s 1996

OSTi

Thi._ paler was prepat_i for sublifiltal i<}tt_

141h I.ternath.ml ('.;_ere'_ce ¢_n Nucleation and Almo_pheri¢ A erosol._
Ilelsinl_i, Finland

A ugu._t 26-30, 1996

April 1996

\

Og" THIS I$

MASTER



L'_ELJ_J_.IER



DISCLAIN_ER

Portions of this document may be illegible

in electronic image products. Images are
produced from the best available original
document.



D_IER

,'_is rein w_ prel_ared as an account of _ _r_ b_ a_ agency of _h¢

L:ni_t_:l Slates Governmem. Neilh_ the United Stmtm _ramcat nor say agency.

'bettor,uot any of _hcir ¢miMoye_, n,mka a_y win-rarity.¢xpru_ o¢ _mplied, c_

assumes any legaJliabibtyor mspun_bility for the accurac'y,compkteeess, or use.

z'ulne.ss of amy mformlmoo, app,xatus, product, m l_oc_m dX_,tum_ o¢ rspreacn,,
that ,ts u_e would noc mfnnlpe prwateiy owmed nShcs. Reference _erem to ary _pe-
a_c commerce] produ_:L process, or service by u-ado I.inl¢. trademuk, ma_l,d'a_:-

lurer, or otherwise does not ne(x_amrii.v ¢on._illut¢ of impty its endorsement, m.;ucn-
mcnd:-tmn, or favonn| by t_ Ulutad States Govcrltmcnt 9r *-y a1_"y tl_ereof.
The viev_ and opni_n$ of authon expressed herein do no, nccessari:y Stile or'
relict'. ',h_ of :he L_n_t¢_S_x_ Govc_'nmca_ or an],"a_n_." thcr_,*of.



TIlE CONTRIBUTION OF

CARBONACEI)US A ERO,gOI,S TO I'l,I MATE CHA NG F',

J,_yce E. Penner ,-, Cazhenm- C. Chuang 1. and ('atllerit_: Liousse _

1Atmospheric Science Division. Lawn_uc¢ Livennorc National Laboratory. Live[more. CA

21_partmen! of Atlm_phcric. Ck'ca, ic. mid Sp_c _'ietwes. ! Inlversi0y ol'Michigan. Ann Ad',,r. MI

"L%ntr¢ des Fa/blcs Radioactivitds. CNRS C_g. ave dc Latcrrassc. 91198 Gif sur Yvctte. Frano.:

Al_tract - The contribution of aca),_oL_ Io clilnah; change re.gulls from i wo ell_.'cls: clelu-
sk'_,'and cloudy-sky forcing. The clcar-sk.'y climat'-; forcing by cartmnaceous aeri_sl)L_ from
bi[_mass burni'ng :m.d fossil fuel burning depends on the r,_latk,e contribution of scattering
and absorption by the aerosols which in turn depends on the fraction of act'osol mass
..l_s_x:iated with black carhm arid its size distribution. In this paper, we review estimates
fi_r the emission of cadx_n_K-c_>o._act,stJs, phicing lhvse ell[ilia!el h! Ihl_ t,l.,lllext ,,f

c.qilrizllcs h_i" Ii_." cmi.ssi_,ns of anlhr.l_-_gcnk; and n.,iuKd sulfalc atsl_osols amt nalulld
sources of i_rt2.anic r_arlit'ula_e ina,'lcr.

"lhc cloudy-sky forcing honi carlxma¢¢ott,; acm._,,Is is diflicull It c.gtlmale hccausc,
among olher factors, it depends on the ,<u[iount of absorption by the aerosols in the cloud.
It is also highly sensitive to the a.sxumcd pre-existing, natur',d aerosol abundance. An
upper limit for the chludy-sky flirting by caibon,e_ms aerosols is -4.,1 Wm -2, but Ina>
range _ low ,as -2.4 Wt[! -2, delx:nding on b:lckgrtiund aerosol content[at[tits. These
c,,,lilna[eS do not yc! aC_.X_UIflfbr ab.,,oiplit,n of r,iliali,lll by bhlt k t',iiJ'lllll ;I.',';l_:iah'(I w lih
,:loud or Ih_"presc[g:e of pre-cxl,,ling dull parliclcs.

Kewtords - Radial[re forcing: Aernsol._; ('h'itk'l dioplei miclcatl(m: Chmate ctlangc

i NI"R()I)I 1cq1()N

Alni_)._pheek: _ro_,ds al,mg wilh gr_.'nho_i_e ga._e.-ai_l ch_mL_play imporlanl role_ ill n_liatln1!
Iht' rm.li;_liolt balam'e of the Eartil-altliO_ph, t:ll: sy_lcm lil ro.'_t'nl il_._cxsnl_'nls ,ff ¢lililale f,r¢ing, Ihc
hiit:rgt,veminenl'.d Panel t.,ii Clilnal¢ Clialige (IPCC) ii._L_ zl_[i,_ltl._ a._ _,tie i)f t_ tlit,_i ialilklllalli
anthropogunic r=dialivc agen_ that lt'ild Ill dtrt:lt'a._¢ ICililP_..r;llul_2(IPEC. 1994_. ttowever, the Iliagnhud,."

O[ 3erosol Cffe_'lS .'ill Clilllale a.rid, in particular, the Inagniludc of the indirect ¢ffet_ of aerosols on t'kmd.s
is still very unceriain IIPCC, 1991: Penner et aL. 1991a). While a variety of aerosol I)'pc._ c_i._l ill the
almosphere (e.g.. _-aler-solublc Inorgana: spt'tries, carbon,'lcecKis ,",cresol.,; (i.e. organic SlitTer and black
cart'[tin ;_:nxs_llsh Imnvral du:_l, and ,_a .tall L vi_latlle sulhir t'.oinl_lund,; are p:ulieularl_¢ [mporlanl a,-ro._i

prcvursorg. Thi._ is bccaii._ a large pall of IJlt_ ,_.'r_s;_l ma:_,_ in sub-micron _i,e parlick:.g is gilll';ilC ,_llllMt"

,ter,_sol is f,_rrm.d [hr,,ugh t h_.mical reallion% eitlwr t;a._ pha.,,e ph, mwhcluical re,loll, ms ,if tlw till[lied
.Mllflll ((mil_,unds or aqueous lllt_¢'S_'.':, iilvolviilg iil-_'ioud t_idalion of S() 2 I'()ll,,wml by dl,,p

evaporation l Hoppel et al., 19g¢t; Lclieveid and ileintzcnberg, 1992). The ._cond ill(is[ i[iir_rl:tiii at'r,._sot
cumponem in me sub-micron size range i,_ _rganic ca_on. Our ,_tutties tq the cfl_._.'t tit acrt,_tq__ on

climate and tilt[late l'oreinl7 have initially com'entrated on charactcnzial_ the elfeels of ,'mlhropoge[u¢
sult'ate aerosols (Penner el al.. IW)4b; ! ayh_r and i'cnacr. 1')9,1; (:huang a'ltl l'emlcr, I,)'Pi: (:ht'ang el al,
t°/951, litre we review Ihe._ ¢._lill_.al('f Ol lf_lt'lllg and eXl¢ild Ih¢il'l h: Int:tlilc ;In uppcr Illnll tlif ltit-

c]r,udy-._ky lotting b) carl'_ina,:c,lu_ _'h._l,l,.
Ill _lllJd; hl illiIVhlC il ghlhal lilitl¢i_llliitiiiig _,1I_' ¢11c_1._.I_l acrt,._l_ i,li .Iouds. t,n< It[tiM til-M

llli,l_iMlillil ilk" Idh_hal t',m¢i'liir,dit4i_ t,f Ihe dillt,r_.lii ,.'[o.,,I t,.iii_,m'iil_ _ll lypt'_. Iliil il.i_l vi_lik li.,_
Ix','n aiil_'_l ill iIt'lchipil_t! lilt u_l¢l_i.'indill_ _,[ gl,_l_.il 0illll rt't!ilm,il dt'rli_l ,ihlin_t.iiitl'_. ant! delel,,pillg ,i
I,alalili.'Iclilali!lll _fl'cl,.ld ie_ll(l!lXe I_l ;il'l<,_l,l zlbun_l iil_("/l"lllliilil_ .ill_l P<'lili_'l. Iqqf; _tl;lll cl .il, I'1t13_
ill _li!lcl i,i L't;llll_lll' Ihc' illlli, tllllll;'L" l!i" -'ler(,_llltc'li_tlt] !llh'l;ll'lll_llt :t, ,.'hilt;lit' I'l,l<'ill t' "rill" _'fit't'_ _,1".t_'i_,l
:lil_tllltl.tlil,. ' +if[ ,_h,u,.] tif_ i.'%'t'i7 Ill:iV .'ll.,, Ik' llll|_,,il.illl bill i_ I:,q IIl'.ill'll h:'It' h; ord','l Io illllit.iM.ilitt

IIlllllllllllllllI



whcg_cr the aerosol part,des act as a CCN, olin needs to know the composition of hygroscopic n_exi.'d

in the a_rosol (e.g.. sulfate, mtraleso mmr_nium) (lh'dppa,.-her and Klett. 1978). 1"his understanding
,_quin..'_ a quaatila_zve undcrxlandmg, on a gk'_al ba._ls, ol the aerosol sources, transfonnation ,and

removal pr,.'_zcsscs. I)ctcmtiniag the aeros{_l so_rccs rcquir_ an understal_ding of the cycle.,; and budgcL_
_r lhc ffac.¢ sf_ck-_ "_hich compri._c the aerosol.

Carbonaceous aero._ds derive firom I_th anlhropogcnic ar,d aatura! sources. They arc compo._,ed
_t two c¢_n_ms, calledblack carbon and organiccarbon. Orgamc carbon, lilccsulfateacros_ is
mainly scattering.Black eaxt_nmay bc distinguishcdby itsl_.s_cr_:etochemical and thcmml anack and
by its abikitv [o stTongly absorb solar radiation; specific absorptioncoefficients an: estimated in the range
oi" 3 to 20 m2g (L.iousse et al.. i9931. Tiffs ability lowers the single scattering ".dbedo of aerosols thereby
reducing the amount of _olar r'ndi:dion reflected by the _rt_ols (Chytck and Coaklcy. 19741. it is
imt'_nant |o quantify the aint_.ml ,f bha,:k carh_n (nswell as organic cad_n and sul£_1e aerosol) in _rder
lo quantil_¢ climale I_,.-ing by anthmpogenie _wrosols. The p_e._ncc of black carh, m in chad may als_
reduce cloud albedo. Here we ignore this el'fi.-_ _md c_mccniralc on _d_taimng ,an upper-limi! c._tmaale -I
the efl't_t of ear_naeeous aerosols on clouds and on showing the _sit|vi_,.' of this forcing to pre-
existing aerosol number ccncemrations.

SOURCILq OF CARBONACEOUS AEROSOLS

The principal source of black carbon is combustion. Except for r.atura.dfires, whose sources
small oft a global basis, most black carbon denv_ from _:ither biorna._s burning or fossil fuel
combustion. "lhe pnncipal types of bioma._ burning include ( I ) ,e,avanna tires to cle_ and renew land, (2)
/or:st fires for clearing purpo_._. _31 burning of agricultural wa._te t_ c_ land. and 141 the burning of

wood to pn_]ucc charc_al and 151 the burning of w-_a_l, agr_:ultural _:txtcs. cha_c_al, a_l dung t_r
dome._tic ti_el. ['kachof these proces._es pr_xlt_ twganic carbon a_ well. alth_m_h th,' rati,_ of B(" to ( X" m
emissions varies depending on the type of fuel .and the manne_ of I_rning I'_r t:xa_n_ple, savi_na I_n,,
_ypically have a large_ ralio ,f I_C/()C Ih;In fl_re_l Irire,_. "l'hi_ i_ hecat_,_e s,3va,ln:i fir,,_ lypk'aIly btlrll lit ;t

fla,uing m,xk" v,.hi('h e,ha_.'c_ emi_._io,l._ t,l" RC _hile f_,re,,I ['ires an. a co,,d_i,l.,l'_,,_l of llalu,ing and
smolder i_g.

The princip:d soolces ofbl:wk t.'atl_m flora f,_sit fuct emi_._i,_,s tk'rive fwun diesel fuel use :rod
coal combustion (Penner et al., 1993; Cooke and Wilson, 1q95). On a gid_ai b_ts d_ese emissions have
been estimated from fuel use stati._.,ics a.s 6.6 Tg/yr by Penner et al. (t9t_31 and as 8.0 T'g]}'r by Cooke
and Wilson _ 1995). In tt:e following estimatc.s of li_rcing, the mvemo_y o1 Penner eta _. t 19931 has _'en
tts_t.

Emi.ssioms of organic carbon fn_m fossil fuels and other activmcs wnthm an u_ban complex are
not well known. _a. typically, the c_mc,'nlration _f (X_ is linger than th.a _d Bf? in ud_a_ ,ac:ts (Bn.m_,;_!
cl al.. 1989; R_gge el al., 199.11. The ._,_urt'_: of fhis IX" is n_ _wcvs_arily nssoci._red with Ilk- main

Si_[ll'C,.'._ IIf_C. in an_ given *i[bitll ata'a (Gl:ly el ill.. 19_,-I} In Ih," ab,_'nce _f g,,,d c,fi_i,_,_s invetlt_d[es
fi_r f_" from ,he,,e _,_urce_. in the fi,_l,_wing we used ;u, e.,,61t_a,e fi,rIt_e n,,i_, t,f (_f"1,, BC _-,,,i._.G,,n._
fr,,,n n,easured rali,_s ,_f _ to BC iu ulban regions (which ri,ngc up t,_ 3.5 gC/gC) It, dcl_t_: Ihe mn_.n: of

F_,ssihle emis._ions of fK_. from f,_ssil fuel burning and u_ba, _'tivitk'_. The n..suhing total ,'missions
mus_ also acc,_mt fo_ fl_c particuL'_t tv_;le_ular form _f the o_.ani¢ ¢_ntlp_umt_ tr.e:Lsurcd as (.'_
Assuming a conversion l'_'tof of 1.3 gives an estimated upl%'r limit fi,r these ctni._rlons of ap,'_ximatel,,.
._ Tg/yr. We have distributed these emissions proportional t_ our emtsstuns of BC fr_m fo_d I_eLs. but
we stress here the uncertaint,., m th_ di._tnhution aq _,ell .as its magnitude It I.',Jmp_,rlant tt__d_.-un a F_Hcr

understanding of these e:nt._smn,_ and their dtstrihutton a._ a fu_wtt_,t_ _t _,t_._e an, l tl:Ik' In _rtlcr _,_

improve _htilIlate.,, Of fort'ln[' hv t:.llt_n;ICCOkl.% ;wri3s_l._.

In or(]_'[ t_ C_|llll,tttt I',wCmg by car_,nat'c_,_s aer_,.,_,l_. _,t' ,t.._¢hq'_.d a _k.la,l,.d ih,,_'ld_vy _,!

anthr(_lS_'L'nlc cul|i_-_h_r,_ |$',_111 hi, ffil, iS_ I'_urnll_g |q,r [hl_ InV_'lll_'_fy _l, l'xtilll, lla'(J 11_" |l,ltllq)ll 1,1 11(" i_llq|

invcnl_l')', f_)l_:_,l ;tI_l _,;t_,nl_l);i hu_)inL, _'u,: I._k,', l'r_,m 11,. w,_tL _,1 I1:_,, el ._' _ lt}t}_)_. !,_10l_laled 0,

_"_'t_._.lf_l|_I new Illlt,ll'tx;lli,_ll _ll II_" I_,',p,-,¢y ,,f N_0_iv_., :t_4i lh_' _.alt_m ',,_,_'k_ avail,d,le t_ burn in

t_'," I'll'*i'l_'li,0ll _f l?,'t" _,|_,'Tlf. |S.lf;..'_'. '_;.tt. V',,: ;ll?'_[ _:,_IlI'C '_lalll_., t't'_,ll. :t!lrI '_.:.t_.tl ,'31_" ;1_'. (ft.'rived fruu)
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FAO 11991). The total burned took into axc, unt the fraction tL_ed for lucl (-.4d1% in derek+ping cotmlri_;
l_fiddlecon and Dar!ey. 1973; Mahtab and Islam. |984; Bamard and Kristofi.,r_-n. 1985; Crula,_n and
Andreae. 1990) and the iYaction burned in Ihe field. For the latter calculi,, we estinL_tled tl_. total

amount of agrk'ultural waste assL_ia!ed with the alr_'_unt of grain pn_tuc_l I'r,,m d_e harvest indent i)f
_."_h crop, The fraction of this waste submitted to fir_ _uM Ihe c,m_buslion cl_L_'_.'y (or fraclion of
waste subinitLed to fin_.'._dial ut-zually bu0n_) weae estimated separately. Table ] gives a _ummary of the
l',_:h_ which crm_ribute to our cakadutions azld emissi_ms.

Table 1. Bit, muss fires : Coefficients used to obtain am._unt of burned biomass from crt_ and fuels.

By Product I / By Product Combustic_n l'.mtssl_wt Emi._sion
Main Product E_i_sed to Effi¢-iency (%) Fact_r Fa_:l,_"

Fires (%) "TP _/kg fiwl) BC (_g'k_ fi,q)
S_a..a S.l-- 0.81

Forest 18 I. 53
i n n

Rice

l_velop_d A_c_ i .2 10 85 2.5 .6

De-.'elopi,_g Areas 1.2 50 _5 5.3 ? .,'.c_

Wheal, Barley,

Rye and olhers
13evelol'_d Areas 1.3 5 70 7.0 .91

L_.'veh,ping Areas i.3 30 70 i 2.02 1.22

Corn

Developed Areas 1.U 5 35 s.(} .7

I_vcloping Area.,, 1.85 ](I 35 17 02 u62

Sugar Cane

Developed A_ 0.5 lO .]._ ).O .7/5
.,%

Developing Are,x_; O._ 70 35 7 (r- 7 _2

W¢u_d

Developed Areas
L_vch_ping Area.,,

Burned fl_r fuel

Burned for

chaxco_ making
Charcoal

I )t-veh_ped A teas

J_:vch,pil_C A tezt,,

80 *}0 ! 1 !. 32

50 ')0 i I i 2

5tl 211 17 (_._5

i1)0 75 If} ] _;

100 75 i(} | ,',

Dung 18.5 'ill 2{} l O

lln the case of nee. wheat, rye, bark'y and corn. the main prt_u¢l ts Ilk" gram and ttk, by prc_Ou,'t tc_r
was_c_. Ihe straw. Sugar L_cott,_ide "tedIo I_ the main pr_uc-t _1 the ._ug;_r cane er_p.
2Fhese umi._sion factors are higher because fCJ% of the burning is a.ssumed to take plate :1.,;:lo:nc._ti¢
l_urniin,g v,_tlver th;m in the f_ekl. There is consequently a higher fi'acti,,n of so,,,kleoi_q., with Ifighe, t_,t:,l
parliclc emi_i_m f;_'l_t_ bu_ a h,wer fl_,Cli,_n of RC/I'P c0,;.,,.,,i,m_,

In a_Miti_m |_ t_rcsl. _av.lrlna. and ;IEl"_tlltitrd burning _in h,,,h Iwl, I ._t_d a,_ c|(lllU....;I.it' [ii_t'l).

eluli,,.,,il},_,, i_re ,,hown il} Table 2. "l'heie _ it CnKtial l_ck ,,f d,lla c_,ocel nin F, IIW po_,per para_Her_, t,_ u,,- in

the_L" c;dcu|;_li,m,, I'_ t-x:,,j,|e, the emi,,._ioe0 fmrl_r,, fi_r ch:tk'_,:d ann:&ir_g :rod },utni_:f, ,q' w,,,_l diat',_tlv
differ ft-.ally, hv our inventory, 5(s_ tff the fltel wu_d w;L,; c_tiax_ated It, Ix- u._ed I'or charr_,d m.tkiug m
Ihe deveh_pa:g c,>untries and 51)% I<_rdixc¢t fuel u'.;¢. lh_s ratt_ ¢,_uhJ b: :ltWt:,ved bart'_J ,,n rvt'enn



To _k the magnitude and dL_mbmion of the emissieas d_scri_-d _ove, requires Lhm w¢
_pt_._enl the_c aerosols m a ttu_¢-_Jimcnsional m_l¢l of transi_rl, (raJ_$1"on_latiol__md r_:moval and use

the predictioas of the model in otwnparison to ob_rvatlons to quantify' pos._ihle errors in both ctmsslons
and m_xtel representation. Black carbon COl_O_nTr;lliOILg _ ",almost exclusively from combustion and oi
amhrc_ge.nic origin, while mcasmed abundancc.g of (KT. _ any givca site also re.sult from natural

sources. There.low, a proper k-st of lh_ ,mwlel and the cmis,_ioas of OC, requires that both Sotlrccs hi"
rcp_.senlet|. Natural emissions of OC tk-rive flora 1he g0xs I'o parlicle conversi_m tff ,lalural t_Jga,lit" vap,+rs

enfittcd by vegctatk_n, dLn:ct p_uticle cmi_sion_ from vegetation atxl t_J_et ck'bri of biological _,,igil_.
Vegt-tation emits isoprene, lerpenes, and a variety of oxygenated species All of these compound.s



Table 2. Biomass Bumming .'k"Jurces "Total fuel burned in each category (.s;wanna. fore._, agricultural aml
domestic tires}

Total

Agricultural Fires
Wheat and other grains
Corn

Rice

Sugar Cane

Domestic fit,,

WtxM and Bagasse
Charcoal

t_ng

Total Biomass

Burned CTt.,dnd_) i
5374.5

i

2682

1259

564
192

41.1

218.5
112.4

869.5
752.4

16
101.l

TI' Emissitm.s

(Tg/yr)
59.9

21.7

22.7

4.45
2.06

0.46
!.15
(I.78

11.07

8.88
0.t6
2.112

BC Emissions
(TNyr)

5.64
2-2

1.9

0.53

004
O. 19

009
i.01

0.88
0.02
(1.10

undergo pl'x_l_:hemic',d tk'gmdali+m in the alm(_,pherc, bul lerpcncs _m" th4,ughl to have Ilkr I,,r_c_I
particle y_elds. Tim fr_ticm of organic matter prt_ha:ed from a given ;_luounl ,f lerpem', emL,,sion_ varhrs
over .a considerable r,-mgc, but a gas to part|de conversion Iactor a_t _+_. rt pre._nLs a i'e&,_l,,._lc avt:rd_,,_,
tPandis, et al.. 19911 ltatakeyama et al.. 1991: VJaattg et al.. 19921. l'his factor, together with the terpene
emission inventory of Guenther et ale (19951 gives ri_ to a total natt:r'al organic nmtter pr_'tion of 7._
Tglyr. Becau_ the time scale for oxidation of the terpencs is shun (,f the order of minutes), we as.,+umc
that this source is directly injtx-tcd i,to il_ tnt_d ;:1.'_z'M.-tt,sol Tile l-',,icr two, nalur-',l sourct_;. IJlu:i,e I'f, qll

din_,,:t injcoi_m _f planl m:_lerial.,, and bi, d,_gk'ai deb,i, are parlio_la, ly dill_t+ult I_ e._tilnale Ih)wcvt-i.
most (}fthe mass of these emissions are in ihe coarse t+,anich'+m(_lc, above I Itm diameter+ tlence, their
contril'mtion t.+ measured concentrations < 2.5 lain should not be large, hx the following simulations.
these emissions have been neglected.

COMI)ARISON TO DATA

lhcre are ver_' IP._ data which can i_ used to verify the model, and much of it c4+n.sists tff ,..hot,
duration measurements which are therelore insufficient for defining a climatology of ca_)naee(_u,;

acr<_ol._ (capta:ially a ¢linmlok)£y ol organic c'm'_m acn_s,l.+). Li()u.,_c. ctal. l l°Y)SI h_vc carried oU! a
Ihor_,ugh cc, mparison of the n_cl with those mc.a_timcluents which a;e a,,ailable, concluding Ih_ the
m(_dcl provides a rea._cmahle dc._ripliq,n _+I h_lh (X; and IlC con,ccnlrali_q+is. Iqgur¢ Iab .'show,_ a ,_-atter
pk_t c_fol_e_'ed and m,',d.-I or_icled omt'entratiot_ of I]C and (_f" "l_c figure den_mstratcs that t_'

e;nissions ar, t m_,h.l a_," n_q hia,,,'_l eilht._ high _r h,w, ;dlhollgh. if w_- h,_k in ..m' ill'iilii+ l_lrli+:ulaJrly i.
tht. United Slates. fi_r example, c_+nL_nlr_tion_ _,f bt, lh lrlC _md OC :q,pt.ar to I_" h_w (l+i,u_.,e, t'l ,11.
19951. This is most i_kely the result of the emission inv,+'ntory being tL,o low itt the United Slzltt-_ lalh_
than due to weaknesses m the model.

One weakness of tl'te model is apparent when c(_mparing mtxt¢lcd and l_rcdided concentrati_:n: :_
polar locales. The prcdidcd conccntratioas at both the North and South Pu_c:, ztppcar It) be tou tow. Lmv
con_ntratton,, at remote I<'_cales m::y re._lt fr{_m either f I) It_w emissitm.,; ln,+'enmD', 121 a sca,,'¢nging

paraltmlenzallon v,-hkh rc:,lovcs tern trm,:h material, or 1t) a p,,+r rcpn:._ntalmn of atm,'_..phenc
clrc_datz(m and Ita,,sporl The rt?rc.,,cmati,m t_l xci_vcngmg m:iy bc ev;ihl;tt,'d h.'_ ,',,mparistm td prt'di¢led

,"irkl ,_b,,crvc,_J t l+flt't'llltithi+n'_ ill pre¢ipil:,litm (st'," L.i,_,_' cl al. l_'_i ,,r b+ t,,ll,i%lrl.,i',li t+|" ohscl%'.lll,,l|S

;tl)d l+r'll_h'l te,_llll,,; i_l l'¢n+_+d¢ ..,ile'.. wh¢ir f.+Ikh_l t.,ql+.t_l)llolli_.,ll ,,,, +lip h_ghly +,¢r,_,illV¢ h, fIN' m-.sSt'll_illg

pnr+',_m'_erizitti+,n 17it, tl,e 2 I:,_+llp,'ll+ <_Iht" Int,+lel and prtnliclt.d t',,,_.Clilr,_+i+,n_ _,l I+1" ,d M.,in,, I+,,;l. ,i silt'

mJinly h,p:,clol by t'mi,._i,u.s i, A_,ia As _,rtrn llx',t'. Ih_" l,Wdi_ It:d ,..,,_l_.t'nll,lli+_ll._,lit.' Wl,_,dl+,¢,l i_,

within ,t I'actt_r (_f tx,,u ()_le ct,,l?lic',ting facu)r in c'+tul';tfin_ Ihese d_t:_ i_ rise f:_c, that blC as ISlL'aMut'tl
b)' ;,in a,_'lheh_lll_l,,.'r Zltzty count stlllld a|_.,.,Ol|_tl_lll by aluM. ;_ttribuun_ thi-. It, bl;_t_. _a=btm. S,.'hi+ell u't J!

tl9!111 prexenreJ eVl..L'nce tit;l/ t|t£+;t ah,.,,tpt:,.:_ c,;uhl .k'u',wIIt P;+_, lip t:_ 211', ,,I Ih_' l-I1' in.,;.i.,tZl_.,L] .ll

M;lurl;.i i+t+:! d'.lHn_ ',;',,'.21:ti A,¢.13fl <lU+.t C.'L':_t_ _lll(?Nli ',';£1tle (el tO';) _:t:r ;++:.]wt.'d ci+nt'('ntr3lit)llX .t_'



0

th:r,:foP,: wilhin a facttmrof two of those l,_:asured which we deem adequmc for this tirol esti,nale This
fact, together with our reasonable reprtxhction of concentrations in rain (Liousse el ai.. 1995) gives us
cc,nf'mae.nc¢ in our sca,a_nging scheme, c "h Polar com:eaurations are afli.'cted mainly by biomass
burning in the Southern Hcm_sphele. The ,,. _.,ttu_ of these sources is best checked by comparison of

the pmdictod ¢,oocentrations with sites close to the being, One such comparison, for Amst¢:dam

Island. gave good agrocmcnt, thereby confinmng that our sources from Africa are reasonable (Liousse ca
al., 1995). The seasonal cycle of carbon monoxide is aim mainly dependent on the ,sources from b,oma.c,.g

Ixu-ning in the Southern Hemisphere and is a gas wl__se sink dr+e.,+nnl depend on the m.-avenging
[maametedzatkm in the mt_el. A comparison of Ibis ,a_el's predicted CO fiekts (see Alhenon e_ al,
1005) wilh data from Calm.` Grin} (not showa) gives us furthPr confkJ¢_-c that the slx.ified emissit,ns

from biomass burning am reast,nable, hence, we conclude thai the low concentrations prtxlicted at the
South Pole are maialy due ¢o a Ix_or fermentation of the ¢ircu "ladon in this region. A similas we-abtcss
uhay a,(f_'t the model's ability to mprem:nt concemrafions in Ntmh Polar _t"+itms. This weakrmss shoutd

not greatly affect the predicted forcing by carbonaceous aerosols, i:mcause such a small region is affected.
However, we hol_ to co_ this in the future.
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TIlE !:H:ECTS ()F A_I{()S()L_; ()N CI.()UDS
Recently. P,ouchc, a,.t Rodhe (199.:) and ion_ el al. (1994) have each &'vd_lx'o

txwamcle_'izations rc]a_ing ck,_LI drt, p concentn_,iit:. Io sulfate mass or aerosol number eonc'cntrdtkm,

respo.'tjvdy, alld _L,ed them to _'velup esliznatc_ of d!¢ iiu.Jimct forcing by an_ropogenic sulfate aerosols.

"]%t'_ par:u_:tcrizations made use of measured relationships ia continental and maritime clouds.
However. rinse relationships are inherently noisy, yielding more than a factor of 2 variation in eh)ud drop

nuad'_er concentration for a given aerosol number ( or for a given sulfate mass',' concentration. They do
t_ot make use of infom:ation from the clm_at¢ model regarding local updralt ve|(_iti¢.,;. _ they ha,,'¢ ha_1
tO make certain si.'nphfying assmnpti0nx.

In the sludy by Boucher and Rodhe (1994). simullaneous aerosol ma.ss and (X'N nunlher

concentration measurements were u,_'d to c_tahlish a hypothclical range of del_'n_k'm'ic.s between th_
,_ulfaie aer,x_fl n_Lss al_l ck_Jd drop nu,n.b2r c,_n,cemrali,n ttowcver, their le._u|ls _J"II_ i,_lirect r.Mliatb,_-

forcing by suLfase _'ros, qs .ue _'n.-,i6ve Io lhesc _e_sun_'d relalionships and the predicted fon:i_,g ,nay be

,we,¢s6n_ted wl_en comp_uing witl_ observations _ffcloud drop radius and cloud albech). In tl: study by
Jones el al. (1994), acr_sol amubcr conce,_l.rafion was n: "lal_'dto cloud drop number conccnlr',eion based
,m mea.,_un:ments. But in convening the model-predicted sulfale mass cencentrations to aerosol number

cono:ntrations for use m the parametcfizadon, the aerosol composition and size dismbmion were
pn:scdh.'d and assumed to be universally applicable both in the case of the natural hackgrom_d aerng_)l

tpresent prior to indusmalization) and in the pre_nt-day W.nurbe_l cage.
in contra.,_t to previous studtes, our pararncterization of the elf cots tff ;g'rosols on ¢hagl droplet

di.qnbutiong uses a more mcchani,_tic approach. "l"h_. characteristic.,_ ,_1 _he clota_ drop st_,_ distribuli,_n

near clotPJ b,_ are initially determined by the size distribution and chemical chip ,tcterb, tk;.,, ,,f fl_t. :,a:i(,._ol
panicles that _n'e a.s CCN "and by the hx.';.dup.irafi veh_.'ity (i_.ts. t',__.. 191;f_. Cht_ang el "al, 1992). ()nee
dnq) com.'entrations at cltmd base __ e:;.'.ablL.,hcd, mea.suremenLs have shown lhal tl_-,o,e n:main near
CetlStan.___,'_.:h +"' "- :., _ ,,_t_tut_ thl'oughoul the main part of the clouds, at least in the case t.)f s_ratiG_,n and

st."at,.x.'umulus ckmds (Nieholis. 1984; Bower et al.. 1994; Mitchell. DRI. private communicatkm). Thus.
ideally, it should be possible to use these fundamental protx.'rties of aerosol size. chemical comlx_sition.
and updraft at cloud base to predict the effeo.s of anthropogenic aerosols on drop number c_mcemration.',
in stratLt'onn clouds in general circulation models. Ilowever. the "large spatial and temporal variability in
• ,c concentration, cherm'cal charaeten.,;tic.-s, and size di._'ihut_on of aerosoLs have made it difficult :o

ck:velop such a parameten;,.ation from data.
In our par, unclcnzation, our fla.'us hag bct:n to develop a ,k:ans for relating the p_'tlided

:mihro_)genic sulfale mass to clotid drop ItUlilhcr c,ncentration over I,%(_'range ,hi exist'clod coni||llO,'l,,

itss,_cialet| wilh c_mtinenlal and inarinc a_.'io.,,,d,_ We sl_ul wiih an a.ssultlt'(I pre-.cxi,,,ing p,alit'kr .-,ize

diglril'a.ltiotl and develop a_) appr_xi,nation of the ahL-red disllibulion aiiev atdilit,+ of .mthr,,l_,genic
St}!fdle. This Ill_'alllR.'lll is liet't'._'_aly fill still'all." aerosol.,, ht't'a_L,_c I]W li,ne st'ale fi_r im_.|tlclitm l'lolll g;l._

phase SO2 is sever',i days. Other aerosol types, such as the carbonaceous particles tff concexn here. am

formed much more qmckly from their gas phage precursors and hence may be +sun'_'d to be inlet.ted
rote a global-scale n_lcl m the aero.,,ol iorm. In It_ calculallon oi sullate acre+el, wc a.,;sume thai sulla:e

,s formed llh_nly Ihri_ugh lhc cnmh'nsalion t_l sullli;lC ;ickl val_r (tl2S( 1:_ on l_re-c_t_tlng particle.,, and
aq_nn,us-pha._,: ,_idath,n of qO 2 fo]lowml by eValw+r,:diol! oftlw' dr-p,; The v,wk'._li+m of rw-w I_.lhh._ i,,

neg|ectcd. We thereby, deveh_p a con,_'rvativ¢ estm_e cf the poss,h.'c change: in CCN numbc_

conccntrauon due to anthmp_genic stll|ale containing aero.,;ols anti lnvext'./:;_tc :,x unpacl on ch_ud :t:_d,_
and |zlobal average solar tad!afire fl_,'ing.

As not'txl above, lint: a',xu_K.'d pi'c-cxi.',lm.;'+ p;u_ck, s+,,c dl,,,::bul,m dcrivcs Iw, lu a __ri_'Iv ,)f

,_()urccs. il'K:lLl_ifig |Ilk: g,t_,-lll-pa_l¢lf o_nvt'.r.';ioi| td nalur, d CIIII_M*Ht., t*l ll_)ll-IIk'l[IdlIC |l_d[t_,',;.rlkh;',

(pnmanly I(:lT_nc_). niililral _a|cr-,.,, _lt,hle m++rgan)c _,l',e¢ie,gd._ultal,'_, n:Irav¢_, iimil_)niulnL dtisl, tim ._ea
sdh "|'In: _ot|rcc_ _f Ilw_,e ae,og,,lg ,'+,ereL2.i,,,h,lly diver,,," We are w,',,ki+,g h_Wai,|s ,In" dcv,'h,pn_cnl ,ff

_h,h,,l ,_ nb' di,,lril_uli,,ws I'+,+,.'ath ,,i 0.:_*: a,.'_,,_,,I _)i,t's At II_.' ptt'_'Id t_v,c. _,' .,+_";d,lc I,, _vpt_',,,'nl qh('
,_+t,,, ;vvq,,rl;m! ,,-h-nficr+,, c_'_l_V_vvl_ whicl, ,',,mpri,.e Ihe main m:_s_ ,,f ,,I,-mit'r,m :at-l_r_,_l. ,,rawly
,,q.'a,fic, hl-',ck cad_,,. :m,J stdf:_te :_'r_-'-,is t l.iou._" ctal., i_)5; Pemvcr ct ;tl.. i0o.lb_ ih,wc_e_, Ii_e pw



c stlr_gaerosols._ouldalso inclu&_ a rep.,-.:'._atalion of parlicles whose mz._ is mainly in the course
mode as well.

In Chuang ¢_ al. ( 1995_ ._.-athen:. v.c assume the sulfate-containing aemso! i_ _1 intcm'.,d mixture.
where a fraction of the aerosol sizx" distribution is determined by conden_tion of sulfuric :g-id vap.r _,n :_
prescribed pre-existing panicle distribution and a fraction was detcnnin,:,d by aqucuus-phn_ ,xk1:,fi,,, ,,f
SO'. followed by evapor_i,m of the drops. Based on l_ang,a't aml Rht,le (tt}91). ,is w,ell as _mr t,wn
mt_.lel silrlulations (Ptmnet el ,d. 19q-k'). we exp|ored a range of ¢,mditi,m._ I't_r tl_"ga.,. and ;_quc_m._
produ,c.ii_m lX-tlh_,-ays. Thus. it _,as axsun_M lhal 15 to 35'_. of aerostd sullalc is dlstribuled tc_ all particlc.,_
by coralen_lioa and the remaining 85 ta b5'_ to parucles which welt larger than the mi,mzmul size of
(_CN by cloud nag'esscs. He,_. we use the mid-range fi_rjre of 75% to cak.aal:ned the cloud fun-tag by
anth_pogenic suLfa,.e a_rt:sot. "IF.is Latemal n'fixing approach does not change the t_tai at-r,,sol r,J_nber,
but the resuItirtg sulfate containing particles gre,,v to larger sizes and thereby ft,.rul H_rc CCN

CI.()UD DROP NUCLEATION

An aerosol pi_tic!e b_comes activaled as a CCN when the environmt'nta] supersatur:,ti, m rati_p
h.._conles gre_!ei than its c"itical value. The resulting drop grows to a size much larger than the initial size

of t.h.e par,dcle due to ¢ondensatior. of water. The magnitude of the criti".:ai supersaturation for activation
decreases with increa.ging partk:Ic size and mass fr_tion of soluble material in the acr%ol pa,_iclc;
lherefore, larger pastick:._ are ac_tx'_'cd earlier than smalle: IXh'l_cles and activ.'_ion of maritime aerost_ls

,, a,,,,,n of soluble sails fHeinlventx'rg. ! t)_91 I._ moie av_rable thanwh_x_ ¢omi',osition _a_nlains a large _.... :'-
conlindrllal pa,'-tk'lcs lot a given vahit: of siilx?rsaluralion, l lore. wo describe _air p;a-a;lrctcr zalaon Io relate
anthtopo_nic sullkde.-conlair.ir, g i_.'ro.,ol., to cllmd drop nuclealion.

Th: detaile_t nlicri_l_hysical lil, alel de_-rihed hy Chualig d al (I_1'_2) _sa_ i.i.t'i| ltl l'ilillpUll.' Ilk'

,;pet'Iral ewihllion of inie_tiiial ._'ro._ol._ alld ,Ji_ud dnIp,_. Thi._ lii,,tk'l &'._cribe._ a I.:igi.lngian ilit p,lict'l
_.hich may alg,i elllrain en_ironl_lcnliil ifir. The in_wh'l i_ iniliali#_'d wilh liar .i,-r,l,,,l ,.i#l' ilisiritalli,_li and

chelnical cOinl_silio,i dete,ni_i as ,oted above and co,nfa_tes lime col_.elltl:ili_m of chmd tlmplets
fom_ed as d_e parcel passes through cloud base. In Chu:mg el ",d. (19_5) and Chu:mg :m:l Pennt:r (199_;L
we assumed t}_ part_l dynamics wt.rt, adlabatic bet-arise we were inlcrt'sl_ti only in timeiniti:d ..,tagtrs _t"
cloud development. The _.'etaicai _eml_rature and humidity profile.,, wem¢ thOt:e t.:xed b_,' ! _._."et at ( lqgOI
We cxa_fined the consequence of wa_er vapor diffusion to aert_sols _xhit'h were a_ imerr.al mixtun¢ of

,_ulfale and oilier inlderi,_l_ (orgz, ni¢ .i;_rle[. N() 3 , Nii._ +, etc )

Figures 3a and 3b prt..'stmt the pmedictcd _elati, m.',hip _hvcen anthmota_gcnit: x.ail'at_" in particles und
ch,ud d[op tlUil,|_2r col,,.c|_tr_,ii,,|l _.,L,,i,redk'ted I,y out mi¢_,phy, ic_l il,_lcl, iu th_'.,c 13g_ic_. wc varied
IlK' :_:'nL_,il ni_lmd_t.r corwt'rlll,di, m I'r,,_n 5('gl - lggK_)in0 "3 I;,r ih,: tt,nlillc'ltl;._l _',l._t" (l'i, L "4i] i,,'al I'l_llt _{| -

_.(X) ,.in -] for 1he n_ar,,l¢ cii_e (l"i_', "_b_ h, t:,,ver Iht: xpalial ,ind It'ii'tI,_llll ",'aiL,li,,n_, t'_.l_.'tlt',l |,_l ll_."
c_mcent:ations of pro-existing acrt_xols. In a_iditinn, we also ,'tmsi&'.red tlp0ralt vel_-illt.S t';tnglgg from
!0 crn s-I to 200 cm s'; to ¢over a wide range of updrMts exl'_'tcxt m b_th .';Ira'.us and strat:_.'tm_ulu.g
cluu_. Looking at art],, one curve in Fig. 3. one notes that under Immy circu:lm,;:mx:s the pn:dictcd c|-,ud
d_op number concentration is largem on p:u_i_'ie siz£ distributions wid_ a higher loading of anthrc|a,get,ic
sulfate even lh,,..g|m, f_- !hi, inter,_,lly ,m,ixtq cle,e, II_."l,_at num}_rr M" i,ert,,_,l t,:utitlt'._ is tln_h.m_gt'd i_l
tl'l_e Xililli|ali,_ns The O_lh'_'nlrali,,n ,_1"_'|_d <lr_ps is. ,ff c,,-r_e. ;_Is_, ,d'luclot h_¢ b_,1]mi,i_l_af'l _.,-h.:ily
and t_t',d (in th_._cite pre-e_,i_ii,_g} • - 'ik.Ft_M), IRllll, h'i'. F,_l" lhe C_,l_lilh.'nl,il t'it,,t' v, ilh a iI'_t'_lt'i';l|t" Iq'_Ir.tl'l
velocity 50 ¢ms "1 and aer_gol number 2(N.glcm -_. we egttmate tha_ the ntnlibt'r _l lb,,.?C,_ihJCtl>aliO|l_ll'_ -

prodl._ced cloud drops would ittcr_?;x_e lrol|l 350 It) 5{_IJcm "1 it a typical alll_:ttnt -,_1an_r;,i_,g,'nw hLlll_t'

vf-2 lag m -_ in non-urban tcgi(,ns were _ded onto the pre.ex:slmg panicL:._, t'_r :he marine c;_,: wltia
|I_ yialll_.._ UlSlr:ffl vtrl,_t:ily t,ut :, Ill'_t h h,w,.'l ,_:l,,',,_| t,,rn.'clltl,tti,_l t,f cmls iC'{) L',_= 3. lilt." n:i,,d_.-r ,_1 clt_t_.l

dtr,,l,s i_t|t|eated _,_,_lld it,: ,,r,_ ft,,I, ¢,_) ,,, 75 t ,, _ fi,, ,, _,_,,I d,:|,,_i_i,,,_ ,,f .,,,,I,,,,l_,_.,-,,,t ,_df.,*t- t't'_ti,tl

1_1)2 p_" m "_
h is imporlant to try to compard lJleSt_ result.', '_lth ,'iVall_lbh, dal:l. _,_,'t" :ldvt" ,s,mllipaFt'd Olll I;i,alt:l

results with mea.surc:ncm._ .1 lhc rclationship lx'tween drop number c_n,'entraltt,n and sullate
concc,uati_m in chmd _a'c_ san_l'!_'x ! l_:;tildl el al., |')92_. i..eaitch ct al. report tndiu;u[ct|z¢|Zls c_nductcd
,,v,.r _,-,_l,nl C_,,a,i,,, {.";_,l:ala ;m,I ,,,.e, ugper N,:w Yo, k State. The ,.,I,._¢lved :;,ng¢_ ,.,I ¢l,,,,d dt_,p
nuli,h_zr fon,-,:,lillalii_l,_ ;,l,..,l_,,t_i _15- 75{1, i,_ _iI_i _,I .,til;,l'l;| l. lUltldS :li_d l(,_.) t)5(l _.Itl _ I',': ,:tm_tilih_It_
tg_l,il_l'_ |i[_2l'lV,.'*_ fr,_iil I_ l, t l) dli, l _/-_-i I*l l.t'dlhLIi t | ,iS, I'JI)_* I'*'t _ I,,*i,l_,ll_'l _.llllcll_." t,,l_,'llildltl.**l_,

I'a/I;;In}' |l,_n| ill)5 f,, 111 _1L, l;_ _ I i,# rht. _;,t11,. i',_ro,d i,f _,|lll;,h. t,,l_,, _lll.d_,,,l*. ;l,,t'-.il_ll.tl_;'_



O

:_lthr_pogeaic). our shnulatio_ show that the number com'¢atr'atiuns of cloud drops which ,_ rex:leafed
o. c,mfi_enlal aerosol sipe dislribulions wilt1 total number concemr:uioas 500 l(.g}00 cm "_ ate about 50 -

t}10 cm -3 for updraft velocilk._ !0 - 50 on s 1. The predicted ch,ud drL,i; iIUfll['g.'r'_tl_rough n.clcad,.m .m
anthropogeni¢ sulfalc--containiag acrosoh sccm to he in the right range.
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PARAMETERIZATION AND FORCING IN A GL()BAI. Nt(HH-L

The eftcct of an'.hro_gcnic gxl.llalc ac'cumulation ca pt+ty-cxi_ting aero_t;|s It:L.; a _t_ntl-_-'_,a_t
il,fh_,)t'c ,,,) t'l,_| dlt._p lltl,tJbC! t',tiP.'t'l_ll,fli,,ll. I}lt'lt'h,rt'. Jl ...h,_,l(j t_." Zt'l,,U'q'.lt',| ,J_ tl,,,t.:tt" ,t._k';,,
I h_we.vct, il I'_ n,a pr._:li,';d ;,, apply, del,ule, t ,.lt:r,,id_y,,it .d ,., del in .i I!1,,}_.,I clilii.l.' i.,.,Icl ,_'-.'c,l..c ,d

fl_ :ilrge Hicrcage It; C¢,llipilf31i, ffh_l litlh" rcqt,i_x',l lof lh,: d," l ili I, 'd ;ft':illik'lll _"I" llllCl_';irl, i,l ,tl _',k'll _'tht

l_lnt. An allcfna:_,'¢ i.'; h) parali_fcrht.c Ilk." t:haKl droop ntt_:lc.llton dad llg'a .ppt_¢ Ibis pargunct,:i_.'al;o;z m
climate m(xJeLs, litre, we paramctcnzc thc nuclcalmn of ch)uc _ drop,; onto anthroFogcn:c sulfate
containinlz aernsols b;_scd on the restilts from _,ur dztailed tuicrophy._ic;d ,m._ci. "lhc ck_ud drop nunuix.u
nucleated {in cnlll i_ cxpresxed in dtc l:)lm ._.l _ a. _,/(_t , c N,,) as ._ue?-'¢stcd t.y (]han cl at (19_)_ _,

_l.',,' N,i (_ .,.i_) i_ d." I.,, kl.,,_.,,d ,v.',,_,d nu._l,_'r l.'l*rlCl'llllillilql..lI,_| ,s i_ III..' II|_[I,_l'l Vt'],_l ilV ill CIII • I

III (ih,ll_ el ._l .o ],.,k-,,l_ i,l,l," w,,...,',I l','o -c,,li'q' l]_" v,,hl,' ,,f , _lt h 'I0.ri ll_" ,,._! ,o ,,'h ,1/,',I _I, 'I'
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¢onct_mrations mat-,zh the stmulatcd vaiue,_ from ¢xir detall",x{ mtcrophysi"',xd mod_.:l ((Jhuani_ et aI., I'_02;
Edwards and Penner, 1988). In Chuan_ at-d Pcnnor (1993) and Chum_g t_t aI. (I99_L v,'c d,mvc the
ct_fl_¢_enl c directly from tix_ results or"our microphysicai model.
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labk.- 3. Gk_al a_vragc annuzfl mean change m ck_d lO,'x-mg lWm--: }.

Aeto_;ol type

i m

Anthropogcnic
sulfate

An_opogemc
ica.'bonaceous
aerosol

Aaihropogenic
sulfate and

anthropogenic
i carbonaceous

aerosol

Assumed pre-
existing acrt_,l

i

Anthroi_3_cnic (.X7
amt 1_TM, Natural

(_C. BC.._

Natural(X'.BC. S

NanHal (X'. BC, S

Forcing (Win -_)

4187

-4.41

-5.29

Ft_rcin F,with

prcscrit_l pro
cxisting marine

soun.x: (Win "2)

_) 57

-2 4g

Results from this parmtwetcrization for sulfitte cloud forcing using all _arh,laceuu_ acresols as
prc_'xisling a,erosols ale shown in Table 3 The to,tad forcing m_lcd d_:ve is =-O.q Wm "2 "['hi.., ;_t_lc ..,ht,ws
tl_" predicted forcing from the n_xlel which as_unle:' internal mixing and an ag:iUllityd c.ol_tvci-s,_oltfraction
(Jr 75% fn_m aquetms mactlotxs. We also show the prcdtczed forctag lot a cak:uhlion in which IlStepre-
existing aerosol is assumed to be only that from itatural sulfur and natural orgaruc matter aert_sol. Here.
the si2. distribution is that of the pre-existing a=rosols from Chuang et al. (199;;) and d_: anthlol'_gentc
ca_bonace_ms aerosols have lx'en added as at] exlenlal ItllxtUf13. Th¢_ cak'ulalcd forcing inetelk,.es it_ -
5.SWm -2 with approximately -4.4 Wm -2 due Io carboilace_a|s acn_ds ah,n¢ Such fi,rcing ._h,add Ix'
intertm_eti as a maximun_ sim-e we ha_e a._Sl.lllk'_l that any ¢ffoct of black t'_uC_at ,at chakl drop
a;flc_:tivity is negligible_ in addition, wc have not yet aeccmnlod for the "pre-existing" aerosol component
that arises fr,_m ma salt or dust. In order to explore the [mssible eifeeLs of the "latter. we Ix'tromped a
scnsitivi:y test with a prc._.'rihed backgr(nmd of acrt_sol over marine areas. In this test. a p_scrilx:d
particle number concentration of 2fK) cm "3 wa.s added to the lowest tllariac hound;uy LWer, and
expeneuuai[y c_zcrc_sed with altitude by

N/cm'al =200 e "'_(i-o.' h_rO_O. 15

: 36.5 c IS <l_,- _ for (1 < 0.15

where o-- pip.,, and p, is the surface prcssu_. "l'hcse particles sinmlate a possible suutce tff maJine
hackgrt,and particles such as sea .,;al; or wnatine suuro,:.,, tff org;mic at:rt,soi. "II_" gh)b:tt average am_u;d

llh,at_ littliitli_e, fi*rcin_is listed in Tahle 3 "I1,, cbm,; fi,_ting by cathm_a-,,us ,t,.I,_S,,l,_ th'c,c;,_-d t't,ml -
4.4Win -2 to-2 4Win'-. I'i_re 4 sh,w_ Ih" (t',lll_ril] distribution or this forcmg, w_lh largoa li,z'Li_lg lit

April and Septcinh,:r a.,i._o_lated w_lh tr_p_cal b,qua.,_s burning ,_! savanna and Ioresled areas

(?!)N(:LIJ,%II)NS

Greenhouse ft,r¢ing h:t_ |x:en extima,,ed t_ be ala,ut 25 Wtu; ,_ver l!_.' last 1,,_ ve;tt_

Calculation_ shown hcru dClllO::,',;trdtC thitt cloud ¢._rcing thal resul:s fr,un :lnthltq?_,g_'l_l; eHiv_.t,,rt.,, ,,!
cafl',tma¢¢ous aerogol_ Ilia}" subslantJall,¢ Ili.t,,k the lofting hy greenhouse g;t_¢._ Fu."th_.r _ _,_k i_ necd_.d

t;_ appropriately e._imate Ihe pre-exir.lmg aerosol in order to boiler quantllV Ill:r; lorCtllg |It itddtti_}tt.

lncttt_,lttri tit tht" cl!ci't ¢_t hla,'k t'iwhtm ,_rl thor .,.tn_..le staltcrtae all_eth_ oi ch_ud', :., ileedett.
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J,_'_ Feb Mar Apt May ,Jun J_=l Au0 Sop (3t:l N,',v D,;c

----C-- carbonaceous aerosols

carbor=acoous aerosols with
prescribed marine background particles

Figure 4. ('loud I,_rcmg horn anthr,_i_p, cnic c.arl_mac+,.<xzs acrta,_,l._.

A(" K N ()W l +1.+.I)G M EN'I'S

ll_i>work w;u; l',t-rfc,r,+wd umler the auspk'es of lhe tl_+ Ilepart,rk..n! of Energy under Conlr_'t W-

7_)5-Eng-48. Suni',t,rt I'+t,m l],e NAS,_ Aero_;,_l I'rog, am and lh,: IX]l" ARM Pr,,t:tam i_ grat¢_fiilly
:_:knowled/tcd.
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